A B S T R A C T Electrical ventricular defibrillation of heavy subjects (over 100 kg body weight) is uncommon for the human or any animal species. This paper reports trans-chest ventricular defibrillation of subjects ranging in weight from 2.3 to 340 kg using conventional defibrillation current (heavily damped sine wave) of 0.3-30 ms duration. It was found that a body weight-toelectrical-shock strength relationship exists and can be expressed in terms of either electrical energy or peak current. For the duration of current pulse used clinically (3-10 ms), the relationship between energy requirement and body weight is expressed by the equation U = 0.73 W"52, where U is the energy in W s and W is the body weight in kilograms. The current relationship is I = 1.87 W0 M where I is the peak current in amperes and W is the body weight in kilograms. The energy dose is somewhat more species and weight dependent and ranges from 0.5 to 10 W s/kg (0.23-4.5 W s/lb). The data obtained indicate that the peak current dose is virtually species and weight independent and is therefore a better indicator than energy for electrical defibrillation with precordial electrodes. In the duration range of 3-10
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INTRODUCTION
Until 1970 no reports of successful transthoracic ventricular defibrillation of a human subject weighing over 100 kg were found in a review of the published literature (1) ; this survey presents the energy vs. body-weight data appearing in all of the published literature dating from 1899 to 1970. Since that review we have located a report (2) which describes the successful defibrillation Received for publication 6 April 1973 and in revised form 13 July 1973. of one female subject weighing over 237 lb using 300 W s. We know of one successful defibrillation of a 200 lb human male subject who required multiple 400-W s countershocks. Defibrillation of heavy subjects may be so commonplace that they are not reported; however, correspondence with numerous cardiologists has revealed that defibrillation of such subjects has been achieved infrequently. Their experience, plus the lack of published data indicate that success must be rare in heavy subjects. A possible explanation for failure to defibrillate such subjects is that existing commercially available defibrillators (400 W * s) do not provide an adequate electrical output. There have been four recent reports (3) (4) (5) (6) which have documented that virtually all commercially available defibrillators deliver substantially less energy than is indicated by their dial settings. Therefore published values of energy used for defibrillation are higher than those that are actually delivered to the subject. However, it may be unfair to criticize low defibrillator output too strongly because there have been no studies which quantify the electrical "dose" (i.e., energy) needed to defibrillate subjects of widely differing body weights. We have been unable to ascertain why the 400 W s figure was chosen as the maximum energy for commercially available defibrillators. The study reported herein presents data on the threshold values for delivered energy and peak current necessary to defibrillate mammalian subjects weighing 2.3-340 kg and, in fact, shows that 400 W s is an inadequate energy for the defibrillation of heavy subjects using precordial electrodes. However it will be shown that many of the presently available 400-W s defibrillators, which deliver less than this output, can defibrillate heavy subjects if the electrode-subject impedance is reasonably low, indicating that energy may not be the best descriptor for the electrical dose required for defibrillation.
METHODS
rounded pulse approximating a half-sinusoid in which the The current waveform employed for ventricular defibrilla-duration in each particular case depends upon the design tion is that which is presently used in clinical medicine of the defibrillator and upon the electrode-subject impe- of the current pulse, the range of durations used for this study (0.3-30 ms) exceeds that presently employed in clinical medicine, which is 3-10 ms. The studies cited above (3) (4) (5) (6) revealed that among 13 manufacturers, only two provided defibrillators with durations slightly outside this duration range.
The defibrillator employed was especially constructed for this study (7) and has a maximum energy-storage capacity of 5,000 W-s The capacitance bank in it allows selection of values ranging from 0.5 to 100 OF which can be charged from 0 to 10,000 V and the inductance values which can be selected are 0, 11, 29, and 63 mH. The total internal resistance of the defibrillator depends on the inductor used, and is 4.46, 3.81, and 3.31 (1 respectively for the three inductance values available. Both current and voltage-measuring circuits are contained in the defibrillator and the complete operating characteristics are known so that the energy actually delivered1 to the subject could be calculated. All energy values presented in this report are delivered energy rather than indicated energy.
Rabbits, puppies, dogs, goats, ponies, and horses were studied. The small animals were anesthetized with sodium 1In any defibrillator, the delivered energy is always less than the stored energy because energy is consumed by the internal resistance of the defibrillator. In a well-designed defibrillator, the internal resistance is low and the delivered energy is very nearly the stored energy.
pentobarbital (30 mg/kg i.v.) and the large animals were anesthetized with a mixture of halothane, nitrous oxide, and oxygen, after anesthesia had first been induced with intravenous glycerol guaiaiacolate. Arterial blood pressure, lead II electrocardiogram (ECG) and the impedance pneumogram were recorded continuously. In the large animals, the electroencephalogram (EEG) was also recorded as an aid in controlling the depth of anesthesia and evaluating recovery; pH was monitored intermittently to evaluate the acid-base status of the animals and sodium bicarbonate was given as needed to maintain an arterial pH above 7.30. Before each ventricular fibrillation-defibrillation trial, the animals were well ventilated to minimize the effect of hypoxia on defibrillation threshold.
In some of the small animals, ventricular fibrillation was induced by applying 60 Hz current to limb electrodes (8); the remaining small animals and all the large animals were fibrillated by applying 2-ms pulses of 25 V intensity with a frequency of 50 Hz to a catheter passed into the right ventricle via the right jugular vein. Fibrillation was confirmed by a loss of blood pressure and replacement of the QRS-T complex of the ECG by fibrillation waves.
Defibrillation was achieved by applying capacitor-inductor current to soft lead-plate electrodes implanted subcutaneously; this technique was employed to guarantee a stable low-impedance contact. One electrode was located just to the right of the manubrium, the other was over the area of the apex beat of the heart. Defibrillation trials were conducted immediately after the confirmation of fibrillation. The method of defibrillation consisted of choosing a voltage, which was judged to be appropriate for the animal's size, and discharging the capacitor-inductor circuit in the defibrillator through the electrode-animal circuit. When defibrillation was achieved, the animal was allowed to recover before refibrillation and a second defibrillation trial with 10% less voltage was attempted. Restoration of the EEG and blood pressure to near control levels were used as signs of recovery. In most cases, arterial pH samples were monitored. Threshold testing was repeated until defibrillation could no longer be achieved. When this occurred, the voltage was increased to a level adequate to defibrillate the ventricles. If the initial defibrillation trial failed, the voltage was similarly increased in increments of 10% until defibrillation occurred. For each duration of current pulse, the lowest voltage and current capable of achieving defibrillation were taken as threshold values. From the voltage, current, duration, and the internal circuit constants of the defibrillator (inductance, capacitance, and resistance), the electrode-subject impedance was calculated and thus, the essential information was available for calculation of the energy actually delivered to each animal (7) .
With inductor-capacitor defibrillators the duration of the defibrillating current pulse is a function of inductance and capacitance and subject impedance (7) . Various inductance and capacitance combinations were used to obtain a wider range of pulse duration (0.3-30 ms) than is employed in human defibrillation in order that the full clinical range could be evaluated. Data from a previous study (9) Table I presents the threshold-delivered energies and peak currents used to defibrillate all of the animals studied. The values for threshold energy and body weight for the entire duration range (0.3-30 ins) are plotted in Fig. 1 ; the least-squares line for the data points was found to be U = 0.891 Wf8' with a correlation coefficient of 0.945. In this expression, U is the delivered energy in watt-seconds and W is the body weight in kilograms. Similarly, the data points for peak current for the entire duration range (0.3-30 ms) were plotted vs. body weight, and are shown in Fig. 2 Table I . Fig. 3 presents the calculated values for the impedance (Z) appearing between the electrode terminals during passage of the defibrillating current for the various animals. The data points were subjected to a least-squares fit to obtain the following relationship Z = 1451W""', where Z is the impedance in ohms and W is the body weight in kilograms. The correlation coefficient obtained was 0.865. The size of the electrodes used was dictated by the body weight; the electrode dimensions are shown in Fig. 3 These data also show that it is possible to achieve defibrillation with pulse durations longer and shorter than those presently in clinical medicine (3-10 ms). However before quantification of these.two dose concepts and comparing the animal data to man, it is necessary to recognize that the duration of the pulse of defibrillating current importantly affects the threshold energy and peak current required for defibrillation (9) . To elucidate this point and. to minimize the effect of body weight, the energy and peak current values for each species were normalized by division by body weight; these dosage values (energy per kilogram and peak current per kilogram) were then plotted vs. the duration of the current pulse. Fig. 4 and 5 present these normalized data for each animal species.
RESULTS
Inspection of Fig. 4 , which shows the curves for the threshold-delivered energy per kilogram for each species plotted vs. the duration of the pulse of current, reveals that there is a slight tendency for the energy required to be a minimum in the region of 2-5 ms. The fact that the curves for the different animals do not lie on top of each other indicates that there is either a species difference or that the energy dose (watt-seconds per kilogram) is larger for heavier animals. Without debating this issue, in the 2-5 ms duration range the energy dose for the lightest animals (rabbits) is 0.5 W s/kg and for the heaviest animals, it is 10 W s/kg. Fig. 5 With these animal data in mind, it is useful to relate them to human defibrillation which employs capacitorinductor discharge current ranging from 3 to 10 ms in duration. Using the enrgy and peak current data shown in Table I for this range of durations provides the relationship U = 0.73 W1M for energy and I = 1.87 W0M' for current; the correlation coefficients are 0.967 and 0.968, respectively. In these expressions U is the delivered energy in watt-seconds, I is the peak current in amperes, and W is the body weight in kilograms. Figs. 6A and 6B present both relationships. It must be emphasized that these relationships are for delivered energy and current and for the average subject without known cardiac disease.
With the data in Fig. 6 (3) (4) (5) (6) . An explanation for the paradox can be found by examining the current requirements ( =1.87 W0'M). For example from this equation, a 70 kg subject requires 78 A and a 100 kg subjects requires 107 A. In other words, the current dose is very nearly 1 A/kg of body weight for adults. Therefore examination of defibrillator output current is in order at this point.
The relationship between energy and peak current is dependent on the design of the defibrillator and the electrode-subject impedance. The capability for current output of present-day defibrillators was measured by Ewy, Fletcher, and Ewy (6) . Using the data from his investigation, Fig. 7 It is important to note that there are no hard data on the equivalent resistances appearing between the electrode terminals during passage of the defibrillating current. It was for this reason that Fig. 3 was composed to show the practical order of magnitude using electrodes appropriate for the size of a subject. Quite apparent is the fact that with subjects in the weight range of 70 kg, resistance values of 10-40 Q were obtained. Although, in this study the electrodes were implanted subcutaneously, the values encountered with electrodes applied to the surface of the skin with low-resistivity (10) electrode paste (ca 10 f-cm) were found to be only about 10% higher (unpublished data).
It is of some interest to speculate on the relationship of decreasing impedance with increasing animal weight. Two factors underlies this relationship. As heavier animals are encountered, the thorax becomes larger and consequently the electrodes become further apart, thereby increasing the impedance. However, when larger animals ' The numbers correspond to the figure numbers in the paper by Ewy et al.
are encountered, larger electrodes are employed which would result in a decrease in impedance in proportion to electrode area. Thus, on the basis of these two factors, it is not too surprising to encounter a decreasing impedance with increasing subject weight. Fortuitously, this is highly desirable because the same defibrillator when set to full output will deliver more current to the heavier subjects who require higher current than the relatively lighter subjects.
Therefore it can be seen that even if existing defibrillators do not deliver their rated energy values, ventricular defibrillation is achievable if the electrode-subject impedance is low enough, indicating that peak current is a better criterion than energy for defining the electrical dose required for ventricular defibrillation. If energy is used to express the dose required, then it can be seen from Figs. 1 and 6A that for children in the pediatric dose of 2.2 W s/kg. (1 W s/lb) is consistent with the animal data reported herein. Note that for adult subjects, the energy dose increases to 5-10 W s/kg of body weight (2.3-4.6 W s/lb), as shown in Fig. 6A .
If peak current is used to specify the electrical dose for ventricular defibrillation, Fig. 6B presents the current required for different body weights. Note that the current dose is approximately 1 A/kg of body weight.
Light subjects require slightly more current and heavy subjects require a current dose which is slightly smaller. 
